In particular, the basin-wide warming drives strong subsidence over Australia prolonging the dry conditions during January-to-March, when El Niño-related SST starts to decay. In addition to the anomalous circulation in the tropics, the basin-wide warming excites a pair of barotropic anomalies in the Indian Ocean extratropics that induces an anomalous anticyclone in the Great Australian Bight. 
Introduction
Australian climate is affected by the surrounding oceans, particularly by variations in tropical Pacific and Indian Ocean sea surface temperature (SST). While the El Niño -Southern Oscillation (ENSO) is the primary mode affecting Australian climate over the north and east throughout the year, variations of SST in the Indian Ocean, via the Indian Ocean Dipole (IOD), play a primary role for modulating rainfall in the southern regions during austral winter and early spring (Risbey et al., 2009; and references therein) . The effect of the IOD on Australian climate has already been reported by many previous studies (e.g., Ashok et al., 2003; Ummenhofer et al., 2009a Ummenhofer et al., , 2009b . The IOD, which is prominent in austral winter and spring, is characterized by an anomalous east to west SST gradient along the equatorial Indian Ocean. It supports an associated anomalous surface pressure and rainfall distribution, which in turn induces remote changes in circulation that drive anomalous rainfall conditions over southern Australia.
Although the IOD is the leading mode of SST variability in the Indian Ocean during austral winter and spring, it only accounts for 12% of the explained variance for all months in detrended SST from 1958 -1998 (Saji et al., 1999 . In fact, the first pattern of monthly tropical Indian Ocean SST variability is a basin-wide warming (e.g., Chambers et al., 1999) , as shown here by an Empirical Orthogonal Function (EOF) analysis ( Figure   1a ). This pattern accounts for approximately 26% of the monthly tropical Indian Ocean SST variance from 1949 to 2005. An EOF analysis of the seasonal detrended SST (not shown) reveals a preference for the Indian Ocean basin wide warming to peak during austral summer and autumn. Despite appearing as the leading EOF, the basin-wide warming is not referred to here as a mode of variability, since it is essentially a forced response to ENSO processes in the Pacific and is not an independent oscillation (e.g., Klein et al., 1999; Lau and Nath, 2000) .
Typically, as an El Niño develops in the middle of the year, the related anomalous Walker circulation generates an easterly wind stress anomaly over the equatorial Indian Ocean, so that the eastern (western) Indian Ocean becomes initially cold (warm) (e.g. Annamalai et al., 2003) . The eastern cold anomaly, which normally occurs from July to November, rapidly disappears after the trade winds relax and switch to westerly in the eastern Indian Ocean during the onset of the Australian summer monsoon. Consequently upwelling and surface cooling through latent heat flux are reduced. Simultaneously, the atmospheric subsidence induced during the peak of El Niño events (i.e. NovemberDecember) reduces convection and cloud cover over the eastern Indian Ocean, thus increasing the net heat flux into the ocean (Klein et al., 1999) . The anomalous Walker circulation also acts to decrease wind speed at the beginning of the austral summer. The reduction of wind speed, in conjunction with the weakening of the seasonal upwelling and the anomalous heat flux into the ocean, favors a rapid warming of the eastern Indian Ocean after December (e.g. Tokinaga and Tanimoto 2004) . The anticyclonic wind anomalies also initiate downwelling Rossby waves (e.g., Masumoto and Meyers 1998, Chambers et al., 1999 ) that propagate westwards, deepening the thermocline and sustaining the warming in the western Indian Ocean (Xie et al., 2002) . The uniform basinwide warming thus reaches its maximum amplitude during late austral summer and autumn, approximately 3-4 months after the El Niño mature phase (Lau and Nath, 2003) .
(FIGURE 1 HERE)
The fact that the Indian Ocean basin-wide warming is a response to El Niño events masks its importance in modulating atmospheric circulation. However, previous studies demonstrated its significance for the South and East Asian monsoons, the western Pacific region, Philippine Sea, South China Sea and other Indian Ocean-rim nations (e.g., Watanabe and Jin, 2002; Annamalai et al., 2005; Yang et al., 2007; Li et al., 2008; Xie et al., 2009; Schott et al., 2009) . Yang et al. (2009) show that the basin-wide warming can also generate significant remote circumglobal teleconnections in the Northern Hemisphere midlatitudes during boreal summer. Xi et al. (2009) hypothesized that the ENSO-induced Indian Ocean warming acts as a capacitor for the Indo-western Pacific climate. The peak of El Niño events during late austral spring-early summer leads to a warming of the tropical Indian Ocean ('charging' the capacitor). The basin-wide warming is maintained via ocean-atmosphere interactions within the tropical Indian Ocean as described by Du et al. (2009) and persists through austral winter after the eastern Pacific SST anomalies have dissipated. The persistent Indian Ocean basin wide warming then acts as a discharging capacitor, exerting a delayed influence on the northwestern Pacific climate via a Gill-Matsuno response. Recently, Huang et al. (2010) showed that the tropical Indian Ocean and the Northwest Pacific climate relationship has strengthened since the mid-1970 due to the intensification and persistence of the El Niño-induced Indian Ocean SST anomalies during the boreal summer.
Unlike the IOD, little is known about the direct climate impacts of the basin-wide warming on Southern Hemisphere circulation. In this study, we focus on austral summer and autumn when the IOD variability is less prominent and the Indian Ocean basin wide warming has its greatest influence on the southern hemisphere climate. We show that during El Niño events, the January-to-March Australian rainfall is modulated by the Indian Ocean as well as tropical Pacific SST anomalies. In addition, we assess the relative influence of the basin-wide warming on the Southern Hemisphere circulation using an atmosphere general circulation model (AGCM).
Data Sets and Numerical Experiments
The observational data sets used here consist of the global SST and sea-ice data from the Hadley Centre (HadISST1; Rayner et al. 2003) and gridded rainfall analyses from the Australian Bureau of Meteorology (BoM; Jones et al., 2009 ). The period analyzed in this study ranges from December 1949 to November 2005. The anomalies relative to the seasonal cycle were calculated by removing long-term monthly climatology over the entire period. In addition, the time series were linearly detrended to highlight the relationship between the Indian Ocean basin-wide warming and Southern Hemisphere climate on interannual timescales. Previous studies have examined the impacts of the long-term Indian Ocean warming trend on regional climate (e.g. Luffman et al., 2010) and will not be addressed here.
The NCAR Community Atmospheric Model (CAM3) was used to perform four experiments. A complete description of the CAM3 model can be found in Collins et al. (2004) . Each experiment consists of a 7-member ensemble each forced with historical SST from December 1949 to November 2005 over different domains and with a repeating mean seasonal SST climatology elsewhere. The different domains were: 1. Tropical Indian Ocean (IO), 2. Tropical Pacific Ocean (PO), and 3. Tropical Indian and Pacific Oceans (IO+PO), where the tropics is defined from 30°S to 30°N, and the Indian and Pacific Oceans are longitudinally bounded at 130°E and by the African and American continents. To reduce spurious atmospheric responses at the domain boundaries, the historical SST fields were linearly damped out over a distance of ~1000km. A fourth experiment was performed with monthly varying SST over the global oceans (GO), in order to assess the realism of the model compared to observations. In addition, a control experiment was performed which had climatological SST forcing globally (CTRL).
To account for unforced internal variability, each ensemble member was started from slightly different initial conditions. The ensemble mean of each experiment was analyzed here for precipitation, geopotential height, vertical velocity, sea level pressure, asymmetric streamfunction and wind fields.
Previous studies have reported biases in the accurate simulation the AsianAustralian monsoon system using uncoupled AGCM experiments due to the lack of monsoon-ocean interactions (Wang et al., 2008 and references therein) . This poor representation in the monsoon regions seems to be aggravated for the Northern Hemisphere compared to the Southern Hemisphere. For instance, Wang et al. (2004) concluded that most of the models participating in the AMIP Project reproduced quite The importance of the IOBW for Australian climate lies in the fact that its maximum intensity occurs during JFM, when the monsoon is active. The Australian monsoon generally starts in December and ends in March (Suppiah, 1992) , bringing over 70% of total annual rainfall during this time of the year for the tropical regions. To demonstrate that Australian tropical climate is affected by the Indian Ocean SST anomalies, Figure 4 shows the month-by-month correlation between the IOBW index and rainfall averaged north of 24°S over Australian land areas. In order to smooth the high variability of the monthly rainfall time series, correlation in January takes into account the DJF mean for both IOBW index and precipitation, correlation in February are calculated using the JFM mean time series, and so on. For comparison, the annual cycles of the correlation between precipitation and the IOD and NINO3.4 indices are also presented in To address the problem of multiple drivers, partial correlation is commonly used.
Here the influence of one driver is removed prior to correlation with the other driver. JFM rainfall is significantly correlated with El Niño (Figure 5a) ; however, any statistically significant response essentially disappears when the IOBW index is removed from the time series before calculating the correlations (Figure 5c ). In comparison, when a partial correlation is performed between the IOBW index and Australian rainfall with the effect of the NINO3.4 removed (Figure 5d ), while the correlations are much reduced, they remain significant over much of the northwest region (Figure 5d ). This suggests that despite being a response to ENSO, the basin-wide warming may be the primary driver of anomalous atmospheric circulation that favors below-average rainfall over northwestern Australia. These results should be viewed with caution however. In particular, this technique assumes a linear relationship between El Niño, IOBW and Australian rainfall.
In addition, the basin-wide warming and NINO3.4 are highly correlated (Figure 3b (FIGURE 6 HERE)
In the IO experiment (where interannual variability is only present in the tropical Indian Ocean), the basin-wide warming is associated with an overall decrease in sea level pressure and an anomalous expansion of the high troposphere over the Indian Ocean as a response to the underlying SST warming (Figures 6a, 7a) . The anomalous sea level pressure over the ocean warming generates a pressure gradient that induces anomalous trade winds over Indonesia and westerly wind anomalies over Africa. As a consequence, a zone of low-level convergent flow takes place over the central-western equatorial Indian Ocean. By continuity, local ascending motion occurs over the heating source, as shown by the vertical velocity anomalies over the Indian Ocean longitudes from 30°E to 110°E (Figure 6a ). This provides a Walker-type circulation with updraft over the convergence area and subsequent sinking motion eastward to the heating source. Off the coast of Madagascar, a cyclonic circulation anomaly occurs while an anomalous anticyclone is located over the northwestern coast of Australia ( Figure 7a ).
(FIGURE 7 AND 8 HERE)
The anomaly patterns shown in Figures 7 and 8 resemble the Gill-Matsuno response (e.g., Gill, 1980) to diabatic heating across the equator, with the propagation of equatorially trapped Kelvin waves to the east and, by conservation of vorticity, a return flow to the western margins of the heating source. This response is also clearly represented in Figure 8a by the quadrupole anomaly pattern in the simulated asymmetric streamfunction in the high troposphere. The baroclinic Gill-Matsuno response to the heating in the tropical Indian Ocean is associated with a pair of upper atmosphere anticyclonic anomalies that straddle the equator at about 60°E and overlies cyclonic anomalies in the lower troposphere (Figures 6a, 7a ). In addition, an anomalous cyclone associated with upper level convergence is located over Australia ( Figure 8a ). This (Figure 8b) , although an anticyclone at low levels is seen over the northwestern coast of the continent (Figure 7b ). In addition to the tropical teleconnections driven by the warm SST in the tropical Indian Ocean, there is also an atmospheric response that extends into the higher southern latitudes. (2009) demonstrate that the circumpolar wave train pattern in the summer hemisphere is generally weaker than in winter because the subtropical jet is farther from the heating latitude. As the warming from the basin-wide warming can extend further towards this jet in the Indian Ocean than ENSO variability in the Pacific Ocean, the weaker summer subtropical jet is still able to host a robust stationary wave train in the IO experiment.
c. Extratropical teleconnections
It is important to mention that the AGCM experiments do not take into account any feedback associated with the ocean, but instead they provide a direct tool to assess the impact of the SST on the atmospheric circulation. The use of AGCM simulations provides a more controlled experimental design for our purposes without adding complexity.
Another decisive factor for using an AGCM here and not coupled climate models, lies in the teleconnection bias reported by Cai et al. (2009) . The authors documented the poor ability of the CMIP3 models in simulating a correct rainfall-ENSO teleconnection over the Maritime continent. They show that most of the CMIP3 models have a cold tongue bias in the equatorial Pacific and a warm pool located too far west. Consequently, Australia suffers an unrealistic ENSO-rainfall teleconnection, with more models showing a significant correlation over the west rather than eastern Australia.
An alternative technique would be to use a coupling experimental design. Using a suite of experiments forced with prescribed SST in the tropical Pacific and a mixed-layer ocean elsewhere, Nath (2000, 2003) found that the IOBW tends to offset the negative Australian rainfall anomaly caused by ENSO during the second half of the year.
While our results suggest that the IOBW reinforces the El Niño impacts during JFM, we also found that the subsiding anomaly over Australian longitudes (Figure 6a In summary, this study shows the importance of the Indian Ocean basin-wide warming in modulating and prolonging the JFM rainfall and circulation anomalies over Australia associated with El Niño events, historically attributed almost entirely to tropical Pacific SST variability. In addition, this study demonstrates the potential of the Indian Ocean to not only affect regional climate but also to drive global extratropical teleconnections. 
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